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DIAGENESIS OF TUFFS IN THE BARSTOW FORMATION, MUD HILLS,
SAN BERNARDINO COUNTY, CALIFORNIA

By Ricuarp A. Suepparp and ArtHUR J. GUDE 3D

ABSTRACT

The Barstow Formation of Miocene age consists chiefly of
lacustrine and fluviatile clastic rocks. Lacustrine rocks are
mainly mudstone with interbedded tuff and carbonate rocks.
The tuffs make up about 1-2 percent of the stratigraphic section
and are the most conspicuous and continuous strata. Most tuff
layers are less than 1 foot thick, but some are as much as 7 feet
thick. All tuffs were originally silicic, and most were vitric and
filne to very flne grained. This report summarizes the physical
properties, chemistry, and genesis of those silicate minerals
that formed in the tuffs during diagenesis.

Zeolites, monoclinic potassium feldspar, silica minerals, and
clay minerals now compose the altered tuffs; parts of some tuffs,
however, contain as much as 90 percent relict glass. The zeolites
are chiefly analcime and clinoptilolite, but local concentrations
of chabazite, erionite, mordenite, and phillipsite have also been
found. The zeolites and potassium feldspar occur in nearly
monomineralic beds or associated with other authigenic silicate
minerals. The zeolites, except analcime, are locally associated
with relict glass; analcime commonly is associated with the
other zeolites; and potassium feldspar is associated with anal-
cime as well as some of the other zeolites. Nowhere in tuffs of
the Barstow Formation is either analcime or potassium feldspar
associated with relict glass.

Solution of silicic glass by moderately alkaline and saline
pore water provided the materials necessary for the formation
of zeolites and, subsequently, the potassium feldspar. The zeo-
lites, except analcime, formed directly from the glass by a solu-
tion-precipitation mechanism. The observed paragenesis of
zeolite minerals is attributed to variations in the activity of
8i0., the activity of H:O, and the proportion of cations in the
pore water during diagenesis. Much, if not all, of the analcime in
the tuffs seems to have formed from alkalic, silicie zeolite pre-
cursors. Analcime in the Barstow Formation ranges in its Si: Al
ratio from about 2.2 to 2.8 and thus falls at the silica-rich end
of the analcime series. The silicon content of analcime is be-
lieved to be inherited, at least in part, from the precursor zeo-
lite—relatively siliceous analecime formed from a zeolite such
as clinoptilolite, whereas relatively aluminous analcime formed
from a zeolite such as phillipsite. Potassium feldspar, like anal-
cime, has apparently not formed directly from the silicic glass.
The formation of potassium feldspar from analcime and clinop-
tilolite is documented ; however, feldspar may have also formed
from the other precursor zeolites.

Tuffs such as the Skyline tuff of informal use show a lateral
gradation in authigenic mineralogy of nonanalcimic zeolites to
analcime, and then to potassium feldspar. The chief factor re-
sponsible for this lateral gradation is probably a variation in

the salinity of the pore water trapped in the tuff during devosi-
tion. Highly saline pore water during diagenesis favors the
ultimate formation of analcime or potassium feldspar ir the
silicic tuffs, rather than the formation of zeolites such as
clinoptilolite and phillipsite.

INTRODUCTION

The Mud Hills are in west-central San Bernardino
County (fig. 1), Calif., mainly in T. 11 N,, Rs. 1 and 2
W. The nearest principal town is Barstow, about 10
miles to the south. The Fort Irwin Road, a paved high-
way between Barstow and Fort Irwin, provides access
to the Mud Hills by way of the graveled Fossil Bed
Road. The area is shown on the 15-minute topographic
maps of the Lane Mountain and Opal Mountain qad-
rangles by the U.S. Geological Survey.

The Mud Hills are in the western part of the Mojave
Desert, which is characterized by isolated mountain
ranges surrounded by broad alluvial plains. The Mud
Hills range in elevation from about 2800 to 4200 feet.
Numerous canyons radiate southward from the north-
central part of the Mud Hills and provide access to
nearly continuous exposures of the Barstow Formation.

PREVIOUS WORK

The Barstow Formation contains rich vertekrate
faunas that have received much attention since the
pioneer work of Merriam (1911). Lewis (1964, 19€-i8)
reviewed the nomenclature of the Barstow Formestion
and discussed the faunas. As these topics will not be
considered here, the reader is referred to Lewis’ reports.

The rocks of the Barstow Formation, unlike the fos-
sils, have received only cursory study except in recent
years. Baker (1911, p. 342-347), Pack (1914, p. 145-
150), and Knopf (1918, p. 257-259) briefly described
the Tertiary deposits of the Mud Hills. These deposits
include the Barstow Formation as well as the under-
lying formations. Durrell (1953) studied the s.trat.ig-
raphy of the Tertiary deposits during an investigstion
of strontianite deposits at the eastern end of the Mud
Hills. Like most earlier workers, Durrell (1953, p. 24)
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F16URE 1.—Index map of the Mojave Desert in western San Bernardino County, Calif., showing the location of the Mu1 Hills.
Base from U.8. Geological Survey, State of California, 1 : 500,000, 1953.

assigned the Tertiary strata to the Rosamond Series, a
name abandoned by the U.S. Geological Survey (Dibb-
lee, 1958). T. W. Dibblee, Jr. (1967, p. 88-89), mapped
in detail the geology of the Mud Hills. Several short
reports on the Barstow Formation (Sheppard and
Gude, 1965a; Gude and Sheppard, 1966; Sheppard,
1967) have been published as part of the present study.
R. P. Steinen (1966) recently mapped the geology of
the Mud Hills and studied the stratigraphy of the Bar-
stow Formation.

SCOPE OF INVESTIGATION

This investigation of the Barstow Formation is pri-
marily a study of the genesis and distribution of zeolites

and other associated authigenic silicate minerals in the
tuffaceous rocks. Zeolites are common authigenic min-
erals in tuffaceous rocks of Cenozoic age throughout the
desert regions of southeastern California (Sheppard
and Gude, 1964). The tuffs of the Barstow Formetion in
the Mud Hills were chosen for detailed study because
reconnaissance in 1963 showed an abundance and
variety of authigenic silicate minerals, and because the
tuffs are well exposed. The common occurrence of au-
thigenic potassium feldspar in the tuffs also provided
the opportunity to study the genetic relationships of the
feldspar to vitric material and zeolites. Although authi-
genic clay minerals are common in the tuffs, their min-
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eralogy received only a cursory examination in this
study.

Sampling was confined to surface outcrops and
weighted heavily in favor of the tuffs, although the other
rock types were sampled sufficiently to obtain representa-
tive material. Weathered surface outcrops were avoided.
No cores were available to this investigation.

LABORATORY METHODS

X-ray diffractometer patterns were made of all bulk
samples of tuffs. The samples were first ground to a
powder and packed in aluminum sample holders and
then exposed to nickel-filtered copper radiation. Rela-
tive abundances of authigenic minerals were estimated
from the diffractometer patterns by using peak intensi-
ties. Estimates are probably less reliable for mixtures

3

containing glass or opal because these materials yield a
rather poor X-ray record. Artificial mixtures of glass
and zeolites were prepared and used as standards to
obtain more reliable estimates of these constituents.

Optical studies using immersion oil mounts and thin
sections supplemented the abundance data obtained by
X-ray diffraction and provided information on the age
relationships of the authigenic minerals. All meastre-
ments of the indices of refraction are considered accu-
rate to ==0.001.

Most samples of altered tuff contained more than one
authigenic mineral. To identify each mineral in the dif-
fractometer patterns of bulk samples, the patterns were
compared with a “sieve” (fig. 2) prepared from pure
mineral separates at the same scale as the patterns of
the bulk samples. One mineral at a time can be “sieved”
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from the bulk patterns until all lines are identified. This
procedure made the identifications routine and helped
the analyst recognize minor or trace amounts of
constituents.

Mordenite in samples that are chiefly clinoptilolite
is difficult to detect on X-ray diffractometer patterns be-
cause these zeolites have many coincident peaks. The
technique described by Sudo, Nisiyama, Chin, and
Hayashi (1963, p. 10) was found useful for the discrim-
ination. Powdered tuff is treated with 6V HCl for 1
hour. This treatment causes decomposition of the
clinoptilolite, but the mordenite persists.

The “pure” mineral separates were prepared for
chemical analysis from nearly monomineralic tuffs. The
zeolites were separated by disaggregation followed by
flotation in a heavy liquid mixture of bromoform and
acetone, utilizing the equipment and technique described
by Schoen and Lee (1964).

117°15
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REGIONAL GEOLOGY

The generalized geology of the Mud Hills and vicini-
ty is shown in figure 3, which is modified from Dibblee
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of mammal tracks in lacustrine mudstones suggests that
the lakes were, at least locally, very shallow. Mud cracks
further suggest that the lakes occasionally desiccated.
Inasmuch as relatively coarse clastic rocks locally inter-
tongue with the lacustrine rocks, some lakes or some
parts of the lakes were relatively fresh. Other lakes
or parts of the lakes probably were alkaline and mod-
erately to highly saline.

INTERPRETATION OF A SALINE, ALKALINE DEPOSI-
TIONAL ENVIRONMENT FOR PARTS OF THE BAR-
STOW FORMATION

The obvious evidence for a saline lake, bedded saline
minerals, has not been found in the Barstow Formation
at the Mud Hills, although bedded colemanite
Ca,B;0,;-5H,0) occurs in contemporaneous lacustrine
rocks on the southern flank of the Calico Mountains,
about 10 miles southeast of the Mud Hills (Campbell,
1902, p. 12-13; Baker, 1911, p. 349-353; Noble, 1926,
p- 59-60; McCulloh, 1965). Disseminated crystal molds
that are filled or partly filled with calcite occur in mud-
stone and tuff of the upper part of the formation at the
northeastern part of Rainbow Basin. The molds re-
semble the morphology of gaylussite (CaCO;-Na.CO;-
5H,0) and suggest saline conditions during deposition.
The interbedded tuffs at this locality consist chiefly of
analcime and (or) potassium feldspar. The common ef-
florescence of thenardite (Na.SO,) on the surface of
weathered mudstone, particularly at Rainbow Basin
and eastward, suggests a depositional environment of
moderate salinity. Although the conditions under
which dolomite precipitates at nearly room temperature
is not known, the beds of dolomite and dolomitic mud-
stone in the eastern part of the Mud Hills suggest a
depositional or diagenetic environment of high pH and
moderate salinity (Smith and Haines, 1964, p. P52-
P53; Jones, 1965, p. A44). Dolomite occurs at Searles
Lake in muds mainly near contacts with salines.

A saline, alkaline depositional environment for parts
of the Barstow Formation can be inferred from the oc-
currence of certain authigenic silicate minerals that
have been found by other mineralogists to indicate
saline waters. Zeolites such as clinoptilolite and morden-
ite occur in altered silicic tuffs that were deposited in
either fresh or saline waters; however, zeolites such as
erionite and phillipsite in altered silicic tuffs are found
almost exclusively in saline-lake deposits (Hay, 1964,
p. 1384; 1966, p. 67). The common occurrence of anal-
cime and potassium feldspar in the apparently non-
tuffaceous mudstones of the Barstow Formation may
also indicate a saline-lake environment, because these
authigenic minerals are rare in nontuffaceous mudstones
deposited in fresh water (Hay, 1966, p. 67).

CORRELATION BETWEEN SALINITY OF DEPO™MI-
TIONAL ENVIRONMENT AND AUTHIGENIC SI'I-
CATE MINERALOGY

Studies of tuffs deposited in relatively young saline
lakes where water analyses are available have shown a
strong correlation between salinity and the authigenic
silicate mineralogy (Hay, 1964, 1966). Tuffaceous sedi-
ments deposited in fresh water still contain unaltered
glass, but those deposited in saline water are altered
and contain zeolites, potassium feldspar, or searlesite.
Hay (1966, p. 68) found that potassium feldspar is a
major constituent of tuffs saturated with sodium car-
bonate brine in Searles Lake, but potassium feldspar is
absent and zeolites are common in equivalent deposits
that contain mildly saline water at China Lake.

Older lacustrine deposits that contain interbedded
saline minerals also show a correlation between the in-
ferred salinity of the depositional environment and the
authigenic mineralogy of rhyolitic tuffs. In the Pleis-
tocene deposits of Lake Tecopa, Calif. (Sheppard and
Gude, 1968), glass is unaltered in tuff deposited in fresh
water ; however, the tuff's consist chiefly of phillips'+e,
clinoptilolite, and erionite where they were deposited
in moderately saline water, and potassium feldspar and
searlesite where they were deposited in highly saline
water. Miocene tuffs at Kramer, Calif., contain pot+s-
sium feldspar and analcime where they are associated
with high concentrations of sodium borate but contain
clinoptilolite and phillipsite where they are associated
with rocks indicative of lower salinity (Hay, 1966, p.
68). Tuffs in the Eocene Green River Formation of
Wyoming are altered to montmorillonite where tl 2y
were deposited in fresh water; to clinoptilolite and
mordenite (Goodwin and Surdam, 1967), in slightly
saline water; to analcime, in moderately saline watoer;
and to potassium feldspar and albite, in highly saline
water (Hay, 1965 ; 1966, p. 44-52).

The diverse authigenic mineralogy of the tuffs in
the Barstow Formation seems to have resulted from
differences in pH and salinity of the lake water trapped
in the tuffs during deposition. The lake water probably
ranged from fresh water to water with a pH of 9 or
higher and a moderate to high salinity. Those tuffs that
consist of unaltered glass with minor zeolite and mont-
morillonite probably were deposited in relatively fresh
water; whereas those tuffs that consist of zeolites ex-
clusive of analcime, or of only analcime, or of potas-
sium feldspar were deposited in water of relatively low,
moderate, and high salinity, respectively.

The gradational change in the areal distribution of
authigenic silicate minerals in the Skyline tuff (fig.
23 and table 8) from chiefly clinoptilolite with minor
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relict glass to clinoptilolite plus analcime to analcime
plus potassium feldspar to chiefly potassium feldspar
was probably due to a chemical zonation of the pore
water during diagenesis. This zonation may have been
inherited from the chemical zonation that existed in the
lake during deposition of the Skyline tuff. Fresh water
along shore may have been succeeded basinward by
increasingly saline water. Such a mechanism seems the
best explanation for a similar distribution of authi-
genic silicate minerals in tuffs of Pleistocene Lake
Tecopa, Calif. (Sheppard and Gude, 1968). At Lake
Tecopa, however, the margin of the lake is readily dis-
cernible. An alternate explanation for the chemical
zonation of the pore water in the Skyline tuff is post-
depositional “freshening” by meteoric water. Uniformly
alkaline and saline water trapped as pore water in the
tuff during deposition may have been freshened along
shore by the encroachment of fresh water after dep-
osition (Eugster and Smith, 1965, p. 518).

SOLUTION OF GLASS TO FORM ALKALI- AND
SILICA-RICH ZEOLITES

Solution of silicic glass by moderately alkaline and
saline pore water provides the materials necessary for
the formation of the zeolites. Deffeyes (1959a, p. 607)
emphasized that zeolites form during diagenesis—not
by devitrification of the shards but by solution of the
shards and subsequent precipitation of zeolite from the
solution.

Tuffs in the Barstow Formation are generally inter-
bedded with relatively impermeable mudstones and
after deposition may have behaved as closed systems
consisting of silicic glass and the connate lake water.
The early formation of montmorillonite probably was
favored by a relatively low Na*+K:*: H* activity ratio
(Hemley, 1962). This activity ratio would have been
at its lowest value at the time of deposition. Subsequent
solution of glass or the formation of montmorillonite
by an initial marginal hydrolysis of the glass would
cause an increase in the pH and the concentration of
alkali ions (Hay, 1963, p. 240), thereby increasing the
Na*+K+: H* activity ratio of the pore water and provid-
ing an environment more suitable for the formation of
zeolites rather than additional montmorillonite.

Inasmuch as the zeolites of the Barstow Formation
differ noticeably in chemical composition, the following
factors may influence which zeolite will form : Activity
of Si0;, activity of H.O, and the proportion of cations
in the pore water. Where relationships are clear, the
petrographic evidence indicates that phillipsite and
chabagzite formed before clinoptilolite, and clinoptilo-

lite formed before mordenite. Phillipsite and chabazite
contain more H,O and less SiO, than clinoptilolite.
Thus, the formation of phillipsite or chabazite should
be favored over clinoptilolite by a relatively ligh ac-
tivity of H:O and (or) low activity of SiO,. Such con-
ditions may have prevailed in the silicic tuffs during
early diagenesis.

Continued solution of the glass coupled with the
early formation of phillipsite or chabazite in a tuff
probably has the effect of enriching the pore water in

- Si0, and cations. The activity of SiO, may thus in-

crease and the activity of H,O decrease to levsls suit-
able for the formation of clinoptilolite rather than
phillipsite or chabazite. Mordenite rather than. clinop-
tilolite probably formed when the activity of SiO,
reached a maximum.

That the SiQ, concentration can effect whicl zeolite
will form was demonstrated experimentally tx Ciric
(1967). At temperatures of 80°-90°C, Ciric synthesized
zeolites with a range of Si: Al ratios in a sealed Pyrex
tube into which sodium aluminate had been added at
one end and sodium metasilicate added at the other. A
relatively siliceous zeolite formed at the silica-rich end,
an aluminous zeolite formed at the aluminate end, and
a zeolite of intermediate Si: Al ratio formed in the
middle of the tube.

REACTION OF ALKALIC, SILICIC ZEOLITES TO
FORM ANALCIME

Analcime in some nontuffaceous lacustrine rocks ap-
parently formed during diagenesis by reaction of alu-
minosilicate minerals with the pore water. For example,
solution of plagioclase and quartz in sediments of
Searles Lake probably supplied some of the silicon and
aluminum for the formation of analcime, searlesite, and
potassium feldspar (Hay and Moiola, 1963). Montmo-
rillonite and kaolinite may also have reacted to form
analcime in certain nontuffaceous sediments (Hay and
Moiola, 1963, p. 330; Pipkin, 1967).

Analcime in other nontuffaceous saline lacustvine de-
posits probably formed by direct precipitation from the
lake water. The analcime in the Triassic Lockatcmg For-
mation either precipitated directly or formed at an early
stage of diagenesis from a colloidal precursor o alumi-
nosilicate mineral (Van Houten, 1960; 1965, p. 835-
836). At Lake Natron, Kenya, analcime in nontuffaceous
clays was precipitated from a sodium carbonate brine
(Hay, 1966, p. 36-38).

Ever since the discovery of analcime in tuffaceous
sedimentary rocks, most workers have assumed that the
analcime formed directly from vitric material. The
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presence of vitroclastic texture and pyrogenic crystals
in some analcimic tuffs seemed sufficient evidence; how-
ever, Hay (1966, p. 91) showed that these criteria do
not necessarily prove that the glass altered directly to
analcime. Hay (1966, p. 90-93) concluded from a com-
parison of the authigenic mineralogy of tuffs in modern
and ancient saline-lake deposits that analcime commonly
formed at low temperatures by reaction of alkalie, silicie
zeolite precursors. Furthermore, relict fresh glass has
not been confirmed in analcimic tuff; thus, there is
doubt that analcime ever has formed directly from glass.

Much, if not all, of the analcime in tuffs of the Bar-
stow Formation seems to have formed from alkalic,
silicic zeolite plrecursors. These alkalic zeolites, because
of their open structure (Smith, 1963) and large internal
surface area, would seem to be particularly susceptible to
alteration in the diagenetic environment.

Experimental Jow-temperature work by other miner-
alogists, and theoretical considerations, indicate that
the formation of analcime is favored over an alkalic,
silicic zeolite such as clinoptilolite by a high Na+: H*
ratio (Hess, 1966), relatively low activity of SiO,
(Coombs and others, 1959; Senderov, 1963; Campbell
and Fyfe, 1965), and, perhaps, relatively low activity
of H.O. A comparison of chemical analyses of rhyolitic
glass and clinoptilolite (Hay, 1963, p. 230; Sheppard
and Gude, 1965b) suggests that sodium is lost from the
glass during the formation of clinoptilolite. Perhaps
this sodium, plus that originally in the pore water, was
sufficient to provide an environment suitable for crystal-
lization of analcime some place else. A relatively high
salinity of the pore water would decrease the activity of
H.O and thus favor the formation of the less hydrous
analcime over any of the other zeolites in the Barstow
Formation, all of which are much more hydrous than
analcime. An increase in pH during diagenesis would
decrease the activity of SiO, (Coombs and others, 1959;
Senderov, 1963) and increase the Na*: H* ratio. Both
conditions should favor the formation of analeime over
clinoptilolite. Quartz is more common in the analcimic
tuffs than in the other zeolitic tuff's of the Barstow For-
mation. Crystallization of quartz in the tuffs would have
lowered the activity of SiQ,.

These arguments are based on the assumption that
chemical factors alone are responsible for the formation
of analcime ; however, kinetic factors may be equally, or
perhaps more, important. Analcime may simply form
later than zeolites such as clinoptilolite and phillipsite.

Studies of the composition of analcime in sedimentary
rocks have shown a range in Si: Al ratios of about 2.0-
2.9 (Coombs and Whetten, 1967 ; Iijima and Hay, 1968).
Coombs and Whetten (1967) studied analcime from

rocks that are diverse in age, lithology, depositional en-
vironment, and geographic location and concluded that
(1) analcime in the high part of the above compositional
range formed by the reaction of silicic glass with saline
water, (2) analcime in the intermediate part of the range
formed by “burial metamorphic reactions” due to in-
creased temperature and pressure, and (3) analcime in
the low part of the range formed either by direct pre-
cipitation from alkaline water or by reaction of clay
minerals and other materials with alkaline water.

Analcime in tuffs of the Barstow Formation ranges in
Si: Al ratio from about 2.2 to 2.8 and, thus, nearly spans
the compositional range known for sedimentary rocl-s.
Unlike the analcimes studied by Coombs and Whetten
(1967), these analcimes in the Barstow Formation
formed in rocks that originally were similar in com-
position and were deposited in a similar environment.
None of the tuffs were deeply buried ; furthermore, there
is no correlation between analcime composition and
stratigraphic position.

Analcime in the tuffs of the Barstow Formation
formed from zeolite precursors and not directly frcm
rhyolitic glass. Petrographic study showed that anal-
cime formed from clinoptilolite and phillipsite; how-
ever, analcime probably formed from the other autli-
genic zeolites as well. Inasmuch as the zeolites have a
wide range of Si: Al ratios (table 4), it is tempting to
suggest that the silicon content of analcime was affected
by the silicon content of the precursor. To check the
validity of this idea, the composition of analcime as-
sociated with phillipsite was compared with the com-
position of analecime associated with clinoptilolite.
Figure 26 shows that analcime associated with phillip-
site has 83.1-34.4 silicon atoms per unit cell, whereas
analcime associated with clinoptilolite has 34.5-35.1
silicon atoms per unit cell. Inasmuch as phillipsite and
clinoptilolite are relatively low- and high-silicon zeo-
lites, respectively, a correlation between the com-
positions of the precursor and analcime is suggested.
Additional determinations, particularly from anothor
formation, are needed for confirmation.
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Ficure 26.—Plot showing the correlation between the silicon
content of analcime and the precursor zeolite. Composition
of analcime determined from X-ray diffractometer data by
measurement of the displacement of the (639) peak of aral-
cime. A, composition of analcime associated with phillipsite ;
®,  composition of analcime associated with clinoptilolite.
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REACTION OF ZEOLITES TO FORM POTASSIUM
FELDSPAR

The formation of potasstum feldspar by the reaction
of zeolite precursors in tuffs that were never buried
deeply was well documented by the studies of Hay
(1966, p. 93-98) and Sheppard and Gude (1968).
Analcime is replaced by potassium feldspar and albite
in tuffs of the Green River Formation in Wyoming
(Hay, 1965, 1966; Iijima and Hay, 1968) where the
formation of feldspar can be correlated with high salin-
ities of the depositional environment. Phillipsite is re-
placed by potassium feldspar and searlesite in rhyolitic
tuffs of Pleistocene Lake Tecopa, Calif. (Sheppard and
Gude, 1968), where high salinities prevailed. Some zeo-
litic tuffs of Lake Tecopa contain abundant clinoptilo-
lite and erionite as well as phillipsite; therefore, these
zeolites could also have been precursors for the potas-
sium feldspar.

Petrographic study of the feldspathic tuffs in the
Barstow Formation has shown that potassium feldspar
replaced analcime and clinoptilolite. Other zeolites such
as chabazite, erionite, mordenite, and phillipsite may
also have been precursors for the feldspar, but the tex-
tural evidence was not observed. Relict glass is nowhere
associated with the potassium feldspar; thus, the direct
formation of feldspar from rhyolitic glass seems un-
likely in these tuffs.

Zeolites, because of their open structure (Smith,
1963), apparently are particularly susceptible to alter-
ation in the diagenetic environment. The initially high
salinity of the pore water trapped in the tuffs during
deposition probably was the major factor that con-
trolled the alteration. A relatively high salinity would
lower the activity of H,O and favor the formation of
anhydrous potassium feldspar from the hydrous zeo-
lites, including analcime.

Other factors such asthe K+: H* ratio and the activity
of Si0, also affect the formation of potassium feldspar
(Hemley and Jones, 1964; Hess, 1966). Hydrolysis ex-
periments by Garrels and Howard (1959, p. 87) sug-
gested that potassium feldspar will form at 25°C in
environments with a K*: H* ratio greater than about
10°%, Potassium feldspar may form at near surface
conditions where the K+: H* ratio is as low as about
10°-° and the pore water is saturated with amorphous
SiO. (Orville, 1964).

The zeolitic tuffs of the Barstow Formation that are
rich in clinoptilolite commonly contain opal which may
have contributed a favorable chemical environment for
the formation of potassium feldspar. However, feld-
spathic tuffs in the formation now contain quartz or
chalcedonic quartz but lack opal. If the activity of
SiO, was controlled by quartz rather than by opal, rela-
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tively high concentrations of K* would have been neces-
sary for the formation of potassium feldspar. Unfor-
tunately, the relative ages of potassium feldswar and
quartz are unknown.

Studies by Iijima and Hay (1968) on the composi-
tion of analcime in tuffs of the Green River Fermation
showed that analcime associated with authigenic potas-
sium feldspar is less siliceous than that not associated
with potassium feldspar. Iijima and Hay concluded
that siliceous analcime became partly desilicated during
the reaction to form feldspar. Analcime in the tuffs of
the Barstow Formation show about the same composi-
tional range whether associated with authigenic potas-
sium feldspar or not. Unlike the analcime in th< Green
River tuffs, the Barstow analcime seems to be crowded
with inclusions of opal. Thus, a highly reactive form
of Si0. was nearby when the analcime reacted to form
potassium feldspar. Desilication of analcime was un-
necessary.

Although silicate reactions are generally regarded
as sluggish at low temperatures, potassium feldspar has
been synthesized from aluminosilicate precursors at
temperatures no higher than 250°C. Gruner (1£36) syn-
thesized potassium feldspar from montmorillonite in a
10 percent solution of KHCO; heated to 245°C for 42
days. Barrer and Hinds (1950) synthesized potassium
feldspar from leucite in a solution saturated with
K.CO; and Na.CO; and heated to 195-200°C for 16
hours. The leucite had been prepared from analcime
by cation exchange in a solution saturated with KCl
at 150°C. Nemecz and Varju (1962, p. 425) reported
the synthesis of potassium feldspar from clinoptilolite
in a solution containing potassium ions and l'-ated to
not more than 250°C for 12 hours.

The authors, unaware of the work by Neriecz and
Varju (1962), independently synthesized potassium
feldspar from clinoptilolite. Clinoptilolite from the
Barstow Formation was ground finer than 100 mesh and
then heated over a steam bath in a saturated solution
of KOH at about 80°C for 44 hours. After repeated
washings followed by drying, the material was X-rayed.
The diffractometer pattern (fig. 27) showed that the
clinoptilolite was converted to potassium felds»ar. This
synthetic feldspar is compared in figure 27 with the nat-
ural potassiumn feldspar that occurs in the Barstow
Formation, and the similarity is obvious. Although the
synthetic feldspar was prepared at a higher temperature
than that which probably prevailed during diagenesis
and was prepared in a chemical environment that proba-
bly did not even closely approximate the diagenetic en-
vironment, the simple experiment demonstrates the
rapidity of the reaction of clinoptilolite to form potas-
sium feldspar in a favorable environment.
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F16URE 27.—Comparison of X-ray diffractometer traces of synthetic potassium feldspar with those of natural clinoptilolite and
natural potassium feldspar from the Barstow Formation. 4, Clinoptilolite. B, Synthetic potassium feldspar prepared fr¢m
clinoptilolite (A) in a saturated solution of KOH at about 80 °C for 44 hours; peak marked by query is unidentified. C,
Natural potassium feldspar from the Skyline tuff. Radiation is CuKa.
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METASOMATISM DURING DIAGENESIS OF TUFF

The transition of rhyolitic glass to an alkalic silicic
zeolite, then to analcime, and finally to potassium feld-
spar is well documented for the Barstow Formation and
other Cenozoic formations (Hay, 1966). Formation of
alkalic silicic zeolites from rhyolitic glass results mainly
in losses of silicon and potassium, and gains of calcium
and H,O (Hay, 1963, p. 230-231; 1964, p. 1382-1383;
Sheppard and Gude, 1965b). The reaction of alkalic
silicic zeolites to form analcime involves mainly losses
of silicon, calcium, potassium, and H,O, and a gain of
sodium. The final transformation of analcime to potas-
sium feldspar results in losses of sodium and H,0, and
gains of potassium and silicon.

These metasomatic changes apparently are mostly re-
stricted to the tuff bed and take place betweer the solid
phases and the pore fluid. Except for H,O, a chemical
balance is probably maintained for a given tuff if the
entire extent of the tuff is considered. Gains and losses
of constituents between the tuff and the enclosing strata
probably are slight; however, the metasomatic changes
within the tuff bed must be considerable. Th~ changes
that involve silicon are not too difficult to understand
because most altered tuffs, whether zeolitic or felds-
pathic, contain free silica. The most puzzling aspect of
the metasomatic changes is the “plumbing” that permits
the drastic removal of potassium to form analcime, and
then the subsequent addition of potassium to form po-
tassium feldspar.
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